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Self-assembled quantum dots 
Mohamed Henini, University of Nottingham 
The greatest success in semiconductor lasers has been brought by the ability to artificially structure 
new materials on an atomic scale by using advanced crystal growth methods such as MBE and 
MOVPE. Laser performance successes gained using quantum wells in optoelectronic devices can be 
extended by adopting quantum wire and quantum dot structures. There have been several reports of 
successful lasing action in semiconductor dot structures within the past year. This article reviews the 
recent progress in the development of quantum dot lasers. 
0 ne of the main directions of contemporary semiconduc- tor physics is the production 
and study of structures with a dimen- 
sion less than two: quantum wires and 
quantum dots (QDs), in order to rea- 
lize novel devices that make use of 
low-dimensional (LD) confinement 
effects. 
One of the promising fabrication 
methods is to use self-organized 
three-dimensional (3D) structures, 
such as 3D coherent islands, which 
are often formed during the initial 
stage of heteroepitaxial growth in lat- 
tice-mismatched systems. QDs, for ex- 
ample, are believed to provide a 
promising way for a new generation 
of optical light sources such as injec- 
tion lasers. Theoretical predictions [l] 
of the intrinsic properties of QD lasers 
include higher characteristic tempera- 
ture, (T,,), of threshold current, higher 
modulation bandwidth, lower thres- 
hold currents and narrower linewidth. 
While quantum well structures are 
already widely used in optoelectronic 
devices, quantum wires and quantum 
boxes appear to be much more diffi- 
cult to fabricate for this purpose. 
Low dimensional lasers 
In a double heterostructure (DH) laser 
the thickness of the active region is of 
the order of 0.1 pm. It is, well known 
that quantum confinement of charge 
carriers arises from a potential well in 
the band edges when the well width 
(typically a few hundred angstroms) is 
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comparable to the de Broglie wave- 
length of the carriers. The decreased 
dimensionality of the free-carrier mo- 
tion (i.e. confinement) results in the 
density of states (DOS) of the carriers 
being modified. The DOS gives a 
measure of the maximum number of 
carriers that can occupy an energy 
range. 
The DOS, caused by carrier mo- 
tion in the x, y and i directions of the 
active region in a DH laser, is schema- 
tically shown in Figure l(a). It can be 
seen that for a given band - conduc- 
tion band (CB) or valence band (VB) 
- the DOS is small near the edge of 
the band and increases with increasing 
energy. By reducing the active layer 
thickness to the order of the de Broglie 
wavelength (Figure 2(b)) a two-di- 
mensional quantum well (QW) het- 
erostructure laser is realised. The 
corresponding DOS, caused by con- 
fined carrier motion in the x-direction 
has a step-like shape offering an im- 
provement over DH lasers. In the 
QW laser the number of electrons 
and holes populating the CB and VB 
is largest near the edges. Furthermore, 
the energy of the optical transition (i.e. 
frequency of the output light) can be 
controlled by the well thickness. The 
discretisation of the energy levels also 
means that optical transitions will be 
sharper (i.e. sharp line in the laser out- 
put frequency). As a result, these quan- 
tum-size effects significantly reduce 
the threshold current density and its 
temperature dependence, and shorten 
the emission wavelength. 
One can further limit the motion 
of the carriers in theydirection: quan- 
tum wire (QWi) laser (Figure l(c)) - 
carriers are confined in two direc- 
tions; and x-direction: quantum box 
(QB) laser (Figure l(d)) - carriers are 
free to move in zero dimension, i.e. 
carriers are confined in three direc- 
tions. The shape of the DOS in QWi 
and QB lasers is further improved 
compared with QW lasers. It has an in- 
finite value near the edges of the bands 
for the QWi lasers whereas in the QB 
Figure 2. Fabrication methods of quantum wire and quantum 
dots: (a) tilted superlattices; (b) hthography and etching; (c) 
selective growth on grooves; (d) cleaved edge overgrowth. 
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lasers, carriers occupy discrete 
levels. The QWi lasers are ex- 
pected to resemble the spectral 
linewidth of gas and solid-state 
lasers more than the conven- 
tional DH and QW lasers. This 
is a result of the close resem- 
blance of their DOS functions. 
However, the QB laser should 
behave similarly to conven- 
tional gas and solid-state lasers 
because the DOS function of 
QB lasers is truly discrete. 
QD fabrication 
Several methods for the fabri- 
cation of QWi and QB lasers 
have been reported over the 
last decade, including frac- 
tional layer growth on the step 
edge of a vicinal substrate, se- 
lective growth on a patterned 
substrate, strain-induced self- 
organized growth, and cleaved 
edge overgrowth (Figure 2). 
Although lithography-based 
technologies are widely used 
to provide QWi and QD pre- 
dominantly by the com’bina- 
tion of high resolution 
electron beam lithography and 
etching, the spatial resolution 
required for reaching the size 
regime where significant quan- 
tization effects can be expected 
tends to be larger than the de- 
sirable level. In addition, litho- 
graphic methods and 
subsequent processing often 
produce contamination, defect 
formation, size non-unifor- 
mity, poor interface quality, 
and even damage to the bulk 
of the crystal itself. 
A new attractive method of 
defect fret 10 nm scale QD fab- 
rication is the Stranski-Krasta- 
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grow InAs islands on GaiZs 
and it has been shown that the 
size fluctuation of dots is rela- 
tivelv small (< 10%) and the 
small dots and surrounding 
host matrix are dislocation-free 
and strained coherently with 
GaAs. It has been reported that 
the InAs growth mode changes 
from 2D to 3D upon the de- 
position of less than two 
monolayers of InAs, so as to re- 
duce the strain in the grown 
layer, since there is about a 7% 
lattice mismatch in the GaAs/ 
InAs system. The strained (In,- 
Ga)As/GaAs material system 
has been the most widely stu- 
died for which various quan- 
tum effects have been 
demonstrated. Various combi- 
nations of III-V semiconduc- 
tors based on phosphorus or 
antimony compounds, and Si,; 
SiGe alloys have also been 
studied. 
The surface morphology of 
the 3D islands have been stu- 
died bv XFM and STM micro- 
stop\;. InAs dots 100 A 
diameter have been grown on 
GaAs, and the islands are typi- 
cally 4 nm high. Transmission 
electron microscopy (TF,M) 
has also shown that these small 
islands are dislocationfree. 
The small sizes confine elec- 
tronic states strongly in three 
dimensionsWhen capped with 
Ga.4s, the dots luminesce at 
energies between 1.1 and 
1.3 e\: The average density 
could be controlled between 
10x and IO” cmm2 by changing 
the (ln,Ga)As layer thickness, 
Figure 3 Schematfc diagram of the growth of i/nGaiAs quantum dots 
the substrate off-orientation 
~ri the StrarM-Krastanow growth mode 
islands (3D) becomes more favourable 
than planargrowth.The change from a 
2D to a 3D growth mode can be mon- 
itored by the reflection high energy 
electron diffraction (RHRED) techni- 
que. The appearance of bulk spots in 
the RHEED pattern reveals the for- 
mation of islands at the surface. 
and the growth temperature. 
The advantages of this tech- 
nov (SK) growth in lattice 
mismatched systems (Figure 3). In the 
SK growth mode the mismatched epi- 
taxy is initially accommodated by 
biaxial compression in a layer-by-layer 
(ZD) growth region, traditionally 
called the wetting layer. After deposi- 
tion of a few monolayers the strain en- 
ergy increases and the development of 
In the III-Vsemiconductor materi 
al system, SK growth has been used to 
nique of QD fabrication are that no 
nanotechnologv and no further etch 
or implantation induced process are 
necessary. Since the dots are grown in 
situ a homogeneous surface morpho- 
ogy is maintained and defect creation 
is avoided. However, the inherent pro- 
blem associated with this method is 
the size nonuniformitv and the posi- 
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tion uncontrollability of the QD. Con- 
trolling the dimension and arrange- 
ment of the self-organized 3D 
structures is thought to be very impor- 
tant for obtaining good properties of 
the structures. 
The islands become technologi- 
cally more interesting if it is possible 
to manipulate their arrangement later- 
ally and vertically (see Figure 4) in or- 
der to achieve the 3D arrays. There are 
already several reports on sponta- 
neous lateral ordering due to the pre- 
ferential nucleation along surface 
steps. N. Kitamura eta/. [2] demon- 
strated successful alignment of In- 
GaAs by using a 2” off (100) GaAs 
substrate with multi-atomic steps in 
MOCVD growth process. Pre- 
patterned substrates have also been 
used for ordering of QDs in a more di- 
rect way. Miu etal. [3] grew by MBE on 
etched GaAs gratings and found is- 
lands to form on;he sidewalls of ridges 
running along [llO] direction. Similar 
results were obtained by S. Jeppesen et 
al. [4] for CBE deposited InAs islands 
in wet-etched and partially overgrown 
trenches and holes on a (100) GaAs 
surface. They formed chains of InAs 
islands aligned in trenches along 
[Oil]. The chains of islands have 33 
nm minimum periods. 
The vertical alignment is expected 
and the total density can be increased 
by stacking the QDs with a spacer 
layer. Vertically aligned and electroni- 
cally coupled islands have several ad- 
vantages including the application of 
the tunnelling process to novel elec- 
tronic devices such as single electron 
tunnelling devices, the study of tun- 
nelling dynamics between QDs, and 
the high QD density for QD lasers. 
Several groups have recently success- 
fully grown stacked InAs self-as- 
sembled QD structures separated by 
GaAs spacer layers by MBE.Y. Sugiya- 
ma etal. [5] reported vertically aligned 
InAs QDs up the ninth layer with 
2.5 nm monolayers InAs and 1.5 nm 
GaAs spacer layers. G.S. Solomon et 
al. [6] demonstrated arrays of InAs is- 
lands which are vertically stacked, ver- 
tically aligned and electronically 
coupled in the growth direction. They 
have achieved vertical alignment of up 
to ten islanding layers with no asso- 
ciated dislocation generation. 
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Figure 4. Schematic diagram showing ordering of quantum dots due to strain fields effects to 
form: (a) vertical alignment; and (b) lateral alignment on patterned substrates. 
Quantum dot lasers 
It is worth noting that the device 
which benefited most from the intro- 
duction of quantum wells is the injec- 
tion laser. The QW laser reached mass 
production within very few years be- 
cause of its low cost, high performance 
and high reliability. As discussed in 
the previous sections QD lasers are ex- 
pected to have superior properties 
with respect to conventional QW la- 
sers. This section reviews recent pro- 
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Figure 5 Cross-sect\ona/ TEL4 Image of a laser structure contaming vertical se/f-organized /nAs 
quantum dots (Courtesy of Prof A Madhukar, UnrversGy of Southern Cahforn,aJ. 
gress in the development of QD lasers. 
Lasing at room temperature with a 
threshold current of 950 A/cm2 from 
single layer of InGaAs QDs in a Al- 
GaAs injection laser struc:ture was de- 
monstrated by N. Kirstaedter etal. [7]. 
A value of the characteristic tempera- 
tureTo of 350K in the temperature 
range 50-120K and a threshold current 
of 120 A/cm2 were found.ThisTe value 
is much higher than the theoretical 
prediction of 285K for QW lasers. 
The characteristic temperatureTo of a 
laser system describes the temperature 
dependence of the threshold current 
density. 
H. Shoji and co-workers at Fujitsu 
Laboratories Ltd, Atsugi, Japan, 
achieved laser oscillation from self- 
organised InesGati,sAs QDs at 80K 
by current injection [8). Their dots 
were grown by atomic layer epitaxy 
(ALE). The authors claim that this is 
caused by lasing at a three-dimension- 
ally quantum confined sublevel of the 
InGaAs QDs. They confirmed that 
electrons, holes, and excitons were 3D 
quantum confined in the dots by eval- 
uating the diamagnetic shifts of spon- 
taneous emission. The current density 
was 815 A/cm2 and the lasing wave- 
length was 911 nm at 80K. The ob- 
served laser oscillation is from a high 
order sublevel of QDs. The laser struc- 
ture was grown on (100) n-GaAs sub- 
strate and consisted of a 0.5 pm 
n-GaAs buffer layer, a 1 pm n-InGaP 
cladding layer, a 0.2 pm undoped In- 
GaAs/GaAs active layer grown by 
ALE, a 1 )~m p-AlGaAs cladding layer 
and a 0.5 pm p-GaAs cap layer. The 
dots were 20 nm in diameter and 
10 nm in height and were surrounded 
by InGaAs barriers in the lateral direc- 
tion and by 100 nm thick GaAs sepa- 
rate confinement heterostructures 
(SCH) layers. The authors believe that 
by increasing the uniformity of dot 
size, the aerial coverage, and the num- 
ber of dot layers would lead to lasing at 
a lower sublevel, resulting in excellent 
performance at room temperature. 
Laser operation of vertically 
coupled QDs was found to improve 
greatly when compared to single QD 
lasers and room temperature opera- 
tion, via the QD ground state, with a 
threshold current density of 
680 A/cm’, obtained for a triple stack 
of QDs [9]. More recently the same 
team reported the reduction of the 
threshold current density at 300K 
down to 90 A/cm’ and 60 A/cm2 for a 
10 InGaAs QD stack in GaAs and Al- 
GaAs matrix, respectively [lo]. 
Recently Q. Xie eta/. [ill reported 
the first observation of lasing in edge 
emitting graded index separate con- 
finement heterostructures (GRIN- 
SCH) containing vertically self-as- 
sembled multiple stacks of electroni- 
cally uncoupled InAs 3D islands in 
the active region grown by MBE (see 
Figure 5). A low threshold current 
density of 310 A/cm’ at 79K is found 
for a stack of five sets of islands corre- 
sponding to two monolayers of InAs 
depositions separated by 36 mono 
layers of Gabs spacers grown by mi- 
gration enhanced epitaxy (MEE). 
The distribution of the island vo- 
lumes, 1.5 X 1o”X’ to 4 X 10sW7, gave a 
multitude of laser lines between 980 
and 996 nm. 
Very recently the first high power 
continuous wave (CW) operation of 
injection lasers on vertically coupled 
InGaAs-AlGaAs QDs have been de- 
monstrated. The maximal CW power 
was about 1 W at room temperature 
[la]. The improved performance is at- 
tributed to larger separation between 
the QD energy levels and the AlGaAs 
matrix states, as compared to the case 
of InGaAs QDs in the GaAs matrix. 
Larger energy separation prevents the 
thermal evaporation of carriers from 
QDs, which is the main problem for 
the QD laser at high temperatures. 
QD lasers are coming now very 
close to the performance of the best 
QW lasers. Moreover, the speed of 
the progress in this area makes it very 
probable that QD lasers will overcome 
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Ffgure 6. Dence showing memory effect of InAs quantum dots. 
the performance of QW lasers, in 
agreement with earlier theoretical 
predictions. 
Conclusions (1995) 1620. 
Other work on QD structures is pro- 
gressing in several laboratories in Ja- 
pan, the US and Europe. It seems 
certain that useful QD lasers and other 
devices will emerge. Clearly, future re- 
search work on QDs will connect di- 
verse areas of material science, 
physics, chemistry and opto- 
electronics. 
[4] S. Jeppesen etal., App/. Pbyx Leh: 68 
(1996) 2228. 
Optical memory effect 
of InAs QDs 
Y. Sugiyama eta/. at Fujitsu Labora- 
tories, Japan [13], observed memory 
effect of InAs QDs buried in Schottky 
barrier diode with memory retention 
time of 0.48 ms for the first time. The 
band diagram of their structure which 
contained a single layer of QDs is 
shown in Figure 6.The diode was irra- 
diated by two sequential laser pulses 
with an interval time At. Electron- 
hole pairs are generated in the InAs 
QDs after a pulse irradiation from the 
first laser. The electron escape from 
the QDs by tunnelling or thermionic 
emission and the holes stay in the 
QD. The residual holes decrease the 
photocurrent when the second laser 
pulse is irradiated. The retention time 
of the optical memory was determined 
from the interval time,At, dependence 
of the photocurrent difference Iwrite 
and Iread. These are preliminary re- 
sults. However, this group believe that 
there is a possibility of using QDs for 
high density optical memory. 
The studies cited in this article, 
like many reported in international 
journals, are still in their infancy. How- 
ever, if recent history of QW lasers is 
any guide, it is likely that QDs will lead 
to entirely new classes of materials and 
devices. 
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